There are mainly two frequency-shift methods developed for Q estimation: the centroid-frequency-shift method and the peak-frequency-shift method. Both of the two methods have advantages and disadvantages. Here we discuss and compare the two methods in detail and propose a novel frequency-shift method for Q estimation, which can improve Q estimates by combining the benefits of the two methods together and avoiding their shortcomings.
Introduction
Seismic waves suffer from energy loss when propagating in the earth. This phenomenon is caused by several reasons, such as spherical scattering, reflections, and medium absorption. Due to absorption, the higher frequency components of seismic waves decay more rapidly than the lower frequency components, known as the attenuation effect which can be quantified by medium quality factor Q.
Characterization of Q is desirable for seismic interpretation. Once Q is obtained, an inverse Q filter can be used to recover the high frequency components (Zhang and Ulrych, 2002; Wang, 2004) . Since Q is related to medium property and formation features, it can also be used as a reservoir indicator (Korneev, 2004; Li, 2006; Pinson, 2008) .
Most proposed Q estimation methods use the spectral information of seismic waves. For the spectrum of a seismic wave, lots of changes take place during the propagation due to attenuation. The amplitude decays gradually, the peak shifts towards the lower frequency, and the bandwidth becomes narrower. The spectralration (SR) method is developed by exploiting the amplitude changes while the frequency-shift (FS) method utilizes the variance of the peak or centroid frequency.
There are mainly two FS methods proposed for Q estimation: the centroid-frequency-shift (CFS) method developed by Quan and Harris (1993) , and the peakfrequency-shift (PFS) method developed by Zhang and Ulrych (2002) . In this paper, we discuss and compare the two methods in detail. For each method, we analyze the estimation errors under different conditions and try to locate the origin of the errors.
With error analysis, we summarize the advantages and disadvantages of the two methods. By combining the benefits of the two methods together, we propose an improved PFS method for Q estimation. We verified the effectiveness of the proposed method with synthetic examples. Results demonstrate that reliable and robust Q estimates can be obtained with our method.
The CFS method
The centroid frequency of a seismic wave b is defined by (Quan and Harris, 1993) 
where ( 
where t is the traveltime interval between the two wavelets, 
When this Gaussian-shape-spectrum assumption is not satisfied, systematic errors are unavoidable. An experiment is carried out to quantify the errors.
A zero-phase Ricker wavelet is used as the reference. The dominant frequency is 60Hz. A series of target wavelets are generated using the attenuation model (White, 1992 ) without phase changes:
where 1 ( ) B f and 0 ( ) B f are the amplitude spectra of the target wavelet and the reference wavelet respectively, t is the traveltime interval between the two wavelets, and Q is the medium quality factor. The traveltime of the reference wavelet is zero so t is also the traveltime of the target wavelet. The wavelets are shown in Figure 1 and their spectra are shown in Figure 2 .
The reference wavelet and each target wavelet are used to calculate Q using the CFS method. Two different signal-to-noise ratios (SNR) are used here: 10dB and 30dB. When computing the centroid frequency of a wavelet, an effective bandwidth of the wavelet is selected to avoid high frequency fluctuation caused by additive noise or numerical errors brought by finite precision. We increase the number of samples in the frequency domain by zero-padding in the time domain.
For each result, 100 independent runs are carried out with different realizations of additive noise. The results are shown in Table 1 . We can see from the results that the systematic errors grow with attenuation. When attenuation is significant, the errors can be very large. However, we should also notice that this method is relatively robust to noise by utilizing a broad range of frequency components. Small perturbation of the spectra only has limited influence on the calculation of the centroid frequency.
We try to correct the systematic errors by fitting the spectrum of each wavelet with a Gaussian spectrum. We generate a series of Gaussian spectra with gradually changing mean values and a constant variance which is equal to that of the reference wavelet. For each wavelet, we compute the normalized-cross-correlation (NCC) between each Gaussian spectrum and the spectrum of the wavelet. The NCC of two vectors is defined by
The Gaussian spectrum that corresponds to the highest NCC value will be chosen to fit the spectrum of the wavelet. An effective bandwidth is selected when fitting is operated. The results are shown in Table 2 . We can see that systematic errors still exist but have been reduced 
The PFS method
By assuming that the seismic wavelet can be represented by a Ricker wavelet, an estimate of Q can be calculated by utilizing the changes of the peak frequency. The frequency of maximal amplitude is referred to as the peak frequency.
The spectrum of a Ricker wavelet is (Zhang and Ulrych, 2002) 2 2 2 2
where m f is the dominant frequency of the wavelet. The peak frequency is the dominant frequency for a Ricker wavelet.
Due to attenuation, the peak frequency shifts to a lower frequency p f after a traveltime t . We can calculate Q by (Zhang and Ulrych, 2002) 
An experiment is carried out to quantify the errors in Q estimation using this method. The wavelets and other parameters used here is the same as above. The results are shown in Table 3 . We can see that this method is less robust compared with the CFS method. The estimation variance can be significant when SNR is low. Even when the SNR is relatively high, the variance is still noticeable. However, there are no significant systematic errors. Zhang and Ulrych (2002) proposed fitting the spectrum with a Ricker spectrum before calculating Q. However, the fitting method was not given in their paper. In our experiment, we adopt the fitting method that is used in improving the CFS method. Both the reference and the target wavelet are fitted with Ricker wavelets. The results are shown in Table 4 .
We can see from the results that the robustness of the PFS method is improved by applying Ricker spectrum fitting. However, systematic errors become significant. One reason is that a target wavelet is not a Ricker wavelet any more due to attenuation. So this fitting is incorrect in principle and can lead to wrong peak frequency estimates of the target wavelets. What is more, this fitting procedure is computationally intensive and hence not suitable for field data processing.
We adopt a compromise fitting scheme by fitting only the reference wavelet. The results are shown in Table 5 .
Compared with the results in Table 3 , we can see that the improvement is minor, if any.
Improved PFS method
In the PSF method, Q is quantified by the changes in the peak frequency. The peak frequency of a wavelet is easily affected by perturbation whereas the centroid frequency can be calculated with high reliability.
We try to find out the relationship between the dominant frequency and the centroid frequency for a Ricker wavelet. The spectrum of a Ricker wavelet is given in equation 6. We calculate its centroid frequency using equation 1. After computing the definite integral in the equation, we obtain a precise equation:
(8) For the Ricker wavelet, we can calculate its peak frequency from its centroid frequency, which proves to be robust. That is / 2 m c f f π = (9) However, for the target wavelets after attenuation, they are not Ricker wavelets anymore. We assume that within a certain bandwidth, they are Ricker-like. We select an effective bandwidth within which the centroid frequency is calculated. And then we calculate the peak-frequency according to equation 9. We carry out an experiment to quantify the systematic errors brought by this assumption. The results are shown in Table 6 . We can see from the results that the systematic errors are minor. So we use the proposed method to calculate Q using the PFS method. The results are shown in Table 7 . We can see from the results that our method is both reliable and robust. Furthermore, our method is computationally efficient.
Conclusions
In this paper, we proposed an improved peakfrequency-shift method for Q estimation. Assuming that the seismic source can be modeled by a Ricker wavelet, we establish the relationship between the centroid frequency and the peak frequency. Then we calculate the peak frequency from the centroid frequency of the wavelet which is insensitive to perturbations. Synthetic examples verified the effectiveness of the proposed method. 
